We develop a large scale quantum master equation approach to describe dynamical processes of practical open quantum systems driven by both coherent and stochastic interactions by including more than one thousand true states of the systems, motivated by the development of highly bright and fully coherent lasers in the X-ray wavelength regime. The method combines the processes of coherent dynamics induced by the X-ray laser and incoherent relaxations due to spontaneous emissions, Auger decays, and electronic collisions. As examples, theoretical investigation of real coherent dynamics of inner-shell electrons of a neon gas, irradiated by a high-intensity X-ray laser with a full temporal coherence, is carried out with the approach. In contrast to the rate equation treatment, we find that coherence can suppress the multiphoton absorptions of a neon gas in the ultra-intense X-ray pulse, due to coherence-induced Rabi oscillations and power broadening effects. We study the influence of coherence on ionization processes of neon, and directly prove that sequential singlephoton processes for both outer-and inner-shell electrons dominate the ionizations for the recently typical experiments with a laser intensity of ≈ 10 18 W/cm 2 . We discuss possible experimental implementations such as signatures for coherent evolution of inner-shell electrons via resonance fluorescence processes. The approach can also be applied to many different practical open quantum systems in atomic, quantum optical, and cold matter systems, which are treated qualitatively by a few-level master equation model before.
I. INTRODUCTION
Master equation approach is a standard technique for open quantum systems [1] and a successful theory in descriptions of light-matter interactions, such as in condensed matter physics [2] , chemistry and biology [3] , quantum optics [4] , and ultracold gases [5] . The master equation is quite general and encompasses various physical phenomena, as long as these phenomena share common physical mechanisms, i.e. the interplay between coherence and dissipation. Traditionally, these kinds of systems are treated within the framework of few-level models [5] [6] [7] . With the development of highly bright lasers [8] , however, the few-level models lose the possibility for describing complex open systems, since energy here is deposited in a broad range and relaxes in a vast number of decay channels. In this case, new challenges appear for real dynamics of these complex systems, and a large-scale simulation is inevitable. Here, one open issue, related to coherence effects in dynamical processes of complex systems, is still unknown.
Coherence plays an important role in describing correlation properties of quantum matters and understanding quantum phenomena including lasing [9] , Fano shape [10] , superconductivity, superfluidity and BoseEinstein condensate [11, 12] , and novel phenomena arising from quantum optics [13] and attosecond physics [14] . * Electronic address: jmyuan@nudt.edu.cn
To study these coherence-induced quantum features, dramatic success has also been achieved in preparing and controlling the coherent dominant systems with suppressed dissipations, such as electromagnetically induced transparency in quantum optics [15] and superfluid-Mott phase transition in condensed matter physics [16] . Recently, exploring coherence effects of complex systems has been arguably one of the most important topics in physics, inspired by generating X-ray laser with extremely high brightness and fully temporal coherence [8] , such as the Linac Coherent Light Source (LCLS) [17] , where one opened a new era of exploring the interaction of high-intensity X rays with complex systems on femtosecond (fs) timescales. Unfortunately, a typical feature of X-ray-matter interactions is the rapid decay processes, due to the vast relax channels. As a result, it is inevitable to investigate the interplay between coherence-induced effects and dissipations in X-ray-matter systems.
Here, the X-ray free electron laser, with an ultrashort pulse duration and a high peak brilliance, provides the possibility for the study of physical, chemical and biological properties which are never accessed experimentally before [18] . For example, a series of pioneer experiments [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] focus on understanding of X-ray-matter interactions, including nonlinear photoionizations, hole relaxations, Auger electron distributions, and X-ray emission spectrums in atoms, molecules and solid materials. To simulate these experiments, a semiclassical description of radiation-field coupled systems, Einstein's rate equation approach [29] [30] [31] , has recently been extended to the regime of X-ray-matter interactions for gaining fundamental insight into the fast decayed systems, by in-cluding photoexcitation and ionization, electron impact excitation and ionization, Auger decay, and their reverse processes. In Einstein's rate equation model, all the absorption and emission processes are treated with transition probability and the coherence between different levels is neglected, which are good approximations for either incoherent light fields or dominant decay processes of the systemic coherence [32] . The agreement that one finds between theoretical predictions [31] and experiments [20] at relatively low atomic number densities, verifies the capability of the model to simulate X-ray-matter interactions. The physical reason is that the free-electron laser beam has limited temporal coherence with each pulse consisting of a random number of incoherent intensity spikes in a fs duration.
One big challenge, however, which has not been overcome yet, is the temporal coherence of X-ray free-electron laser generated from self-amplified spontaneous emissions from electron beams [33] . One goal of the X-ray freeelectron laser is to enhance temporal coherence of the field, and the quest for improved X-ray sources, based on the free electron laser, is being tackled with several techniques [25, [34] [35] [36] [37] [38] [39] [40] [41] . In fact, the new X-ray pulse with improved temporal coherence [41] is more suitable to locally deposit energy and prepare electronic states, study dynamical properties via photon correlation spectroscopy, and image biological specimens and long-rang orders in liquid and condensed matters [18] . Recently, one generates the first successful coherent free-electron laser radiation pulses in the soft X-ray regime, based on the seeding experiment [42] , which experimentally provides the possibility for investigating the interplay between coherence and dissipation in X-ray-matter systems. Then the crucial issue, related to an X-ray laser with an improved temporal coherence, is how to model the ultrafast dynamics of the X-ray-matter systems and understand the underlying physics. To obtain a more precise description of dynamical mechanics, in general, we need a quantum mechanical tool for simulations of its time evolution, such as time-dependent Schrödinger equation. In contrast to the case of low-Z species in dilute gases [43] [44] [45] [46] [47] [48] , timedependent Schrödinger equation for complex systems is difficult to tackle directly, due to electron-electron correlations, collision processes, and spontaneous and Auger decay processes. Approximations for the X-ray-matter systems are inevitable, such as master equation approach. In the master equation approach, one can include the important microscopic processes as much as possible and investigate the interplay between coherence and dissipations in the X-ray-matter systems. Instead of a few-level simulations [5] [6] [7] [49] [50] [51] [52] [53] , one need to simulate real dynamics of the complex X-ray-matter systems based on large scale simulations, due to the vast decay channels induced by the intense X-ray laser. As far as we know, this problem is never explored in the framework of quantum master equation approach before, coherent dynamics of the complex systems is still unclear, and it is still an open issue whether new phenomena arise from coherence effects in the ultrafast decayed systems.
These questions motivate our study in this paper to establish a general method for describing coherent dynamics of the X-ray-matter systems in the framework of master equation approach. In principle, master equation approach can deal with different kinds of dynamics of the intense X-ray-matter systems by including the microscopic processes due to photons, electrons and environments. In dilute atomic gases [20, 26] , for example, one should include photoexcitations and ionizations, Auger and spontaneous decay processes, and their reverse processes. For dilute molecules [21] , additional processes, such as photon dissociations, should be taken into account. For solid-dense warm and hot matters [27] , electron impact excitations and ionizations play an important role, in addition to environmental screening effects [60] . Therefore, we develop a thousand state master equation for describing real dynamics of these complex systems induced by an X-ray laser, and discuss possible experimental implementations such as signatures for coherent evolution of inner-shell electrons. Our studies will provide the basis for understanding the coherence effects in X-ray absorption mechanisms at a fundamental level. Actually, if all the off diagonal elements of the density matrix are ignored, our method reduces to Einstein's rate equation approach, which is a semiclassical description for X-ray-matter interactions [29] [30] [31] . The present approach can be applied to many different practical open quantum systems, which are widely treated qualitatively before by a few-level master equation approach [49] , such as those in atomic physics [50] , quantum optics [51] and cold matter physics [5, 52] .
FIG. 1:
Sketch of multiphoton absorptions in neon induced by ultra-intense X-ray pulses. Excitations and ionizations from the 1s shell dominate the photoabsorptions, followed by the consequent further outer-shell ionizations (a) and Auger decay processes (b), ending up with a highly ionized stage. Coherent Rabi oscillations interplay with dissipations in the X-ray-atom systems, such as Auger and spontaneous decay processes.
In the recently typical experiment [20] , however, atomic gases are dilute and the influence of electron collisions and photon scattering can be neglected [30] . In this paper, we take dilute atomic gases as examples for discussing coherent dynamics of the rapidly decayed X-raymatter systems (sketch in Fig. 1 ), where there are still few studies related to real dynamics of complex atoms based on multilevel master equation approach [7] . Here, comparisons between master equation and rate equation approach will be made to investigate the influence of coherence on the dynamical mechanics, as related to the ongoing experiments with different temporal coherence. In parallel, we also perform an approximate calculation based on a degenerate atomic master equation approach which is computationally more affordable.
The paper is organized as follows: in section II we give a detailed description of the approach. Section III covers our results for coherent dynamics of neon induced by an X-ray laser, and discusses Auger processes of neon based on thousand state master equation approach. We summarize with a discussion in Section IV.
II. THEORETICAL MODEL

A. Hamiltonian
We consider a many-body system, such as dilute atomic and molecular gases [20, 21, 26] , and solid-state materials [27] , coupled with incoherent sources such as vacuum, irradiated by a high intensity X-ray laser. Innershell electrons of these atoms and molecules will be excited, forming a far-off-equilibrium system and typically relaxing in a fs timescale via spontaneous, Coulombic and Auger decay processes. These processes compete with other mechanics, such as processes including coherent photoexcitations and ionizations. Correspondingly, the total Hamiltonian of the X-ray-matter systems can be written asĤ
where the total Hamiltonian is the sum of the HamiltonianĤ A of the many-body system in vacuum, the external field HamiltonianĤ F including the coherent and incoherent external field, the laser-matter interactionĤ I , and the incoherent-field-matter interactionĤ inc . The HamiltonianĤ
governs the time evolution of the system in vacuum, such as dilute atomic and molecular gases, and condensed materials, withÂ kk = |k k| and N being the total energy levels included. Here, |k and ǫ k denote the eigenstate and eigenvalue of the system, respectively. The Hamiltonian of the external field is given bŷ
where denotes the reduced Planck constant,â i (â † i ) denotes the annihilation (creation) operator that corresponds to the i-th mode of the laser with frequency ω With the semi-classical treatment for the laser field, the quantization of the light is ignored. Instead the light is considered as a electric field, E (t ), which interacts with the i-th dipole d i for the transition between states |k and |k ′ to givê
where the transition operatorD i = |k k ′ |, and Rabi frequency Ω i (t) = ed i E(t) at time t with d i = k ′ |d i |k . We remark here that we have used the dipole approximation for the coupling in Eq. (4), and can also trace out the external field degrees of freedom within the semi-classical treatment indicating the Eq. (3) can be ignored in the simulations. This semiclassical approximation forms the basis of most investigations on the many-body systems both coherently and incoherently coupled by a strong external field.
For magnetic sublevels, we rewrite the Hamiltonian of the matter-field interaction in a more explicit form
The system can also be pumped by an incoherent field, such as the black-body radiation field in a hot plasma environment, and it readŝ
where e i and e n denote the directions of the dipole moment d i , the polarization of the incoherent field, respectively. Actually, the contributions of the incoherent field can directly be included in the master equation approach [6, 54] , as discussed in Sec. II B.
B. Method
Now, the next question is how to theoretically simulate the time evolution of complex systems in the presence of the X-ray laser, described by Eq. (1) . In contrast to low-Z atomic and molecular gases [43] [44] [45] [46] [47] [48] , the X-ray-matter system is dominated by ultrafast decayed mechanics in the experimental timescales, such as spontaneous decay processes, where one loses the possibility to keep track of the couplings between the system and the environment with infinite degrees of freedom. In solid-state materials, electron-ion, electron-electron and ion-ion collisions occur rapidly and randomly, where screening and broadening effects due to the solid-density environment should be taken into account in dynamical simulations. Hence, a statistical description for the X-ray-matter system is needed, and here we study the time evolution based on a generalized thousand state master equation approach for the reduced density matrix of the system, where the degrees of freedom of both the environment and X-ray laser have been traced out in a perturbative treatment. The generalized thousand-level master equation for a complex system, coupled to vacuum modes of the electromagnetic field and irradiated by an X-ray laser and incoherent radiation field, reads
whereρ = k p k |k k| denotes the reduced density matrix operator of the multilevel system, and
] with Γ i denoting transition rate for the i-th dipole due to the background radiation pump, spontaneous, Coulombic and Auger decays, photodissociations, and collision processes. Here, the first term in the right side describes the coherent dynamics of the multilevel system coupled with the laser field, and the second term denotes the incoherent processes, such as spontaneous and Auger decays, transitions due to the black-body radiation field and collision processes. The contributions of the black-body radiation pump are only nontrivial in warm and hot matters, and collision processes can be neglected for the dilute atomic and molecular gases since it occurs in a fs timescale being much shorter than the average particle-collision time. Note that the broadening contributions of the incoherentfield-system interactions in Eq. (1) and plasma environments are included to the second term in Eq. (8) , while the corresponding energy shifts are incorporated in the energy levels of the system in vacuum. We remark here that the thousand state master equation has unique features, which needs large-scale simulations for propagating in time a matrix of ≈ 10 6 × 10 6 and is not trivial to solve directly, such as stability of numerical linear algebra and parallel procedure demanding.
There are two possible ways to take photoionization processes into account in our simulations. While we treat the ionization as incoherent processes by adding photoionization cross section in the incoherent terms for the low intensity X-ray laser, we consider ionization as coherent processes for multiphoton dominant processes, which features analogies to bound-state transitions of the system. For multiphoton dominant processes, the ionized state composing of the residual system and ionized electrons reads |k = |j core , κ; J, ǫ k , P ,
where j core , κ, J, ǫ k , P denote the angular momentum of the residual system, relativistic angular momentum of free electrons, total angular momentum, total energy and parity of the system, respectively. In the physical systems, these states can be populated by multiphoton excitations. Considering the large amount of continuous states, selection rules should be used to solely include dominant states, such as degenerate initial, intermediate and finial continuous states connected by multiphoton energies, and at the same time neglect states detuned from resonance excitations since the finite time duration of the X-ray laser implies a finite Fourier width for the bound-free or free-free transitions. These selections are a good approximation for hydrogen in the presence of strong laser beams, and therefore we anticipate that the dominant states for ionizations of a complex system should be similar.
Complementary to the multilevel master equation, in this work we employ a degenerate master equation approach to explore the physics of Eq. (1), which is computationally more affordable. Here, the Rabi frequency is (2M J + 1)(2M ′ J + 1)Ω i and the decay rate is defined as a total transition probability from one upper state |J, M J to all the degenerate lower states of the level |J ′ . a. population distribution-Free states |k form a complete basis set, and we can work in the set and obtain a number of algebraic equations for Eq. (8) . Due to infinite number of matrix elements, however, truncation for a finite N -state basis is required. And then the full Eq. (1) is projected onto this subspace spanned by the N -basis states, and it is expected this projection gives the best possible description of dynamics of the system induced by an X-ray laser, such as a neon gas by including thousands of energy levels. After solving the multilevel master equation, we obtain population distributions for each level and coherence between different transition states as a function of time, by calculating ρ kk ′ = k|ρ(t)|k ′ , and then comparison can be made with experimental data by utilizing ion charge-state spectra recorded by a timeof-flight analyzer [20] , even though the recently typical free-electron lasers have limited temporal coherence and new techniques are needed to improve it.
Master equation approach can reduce to Einstein's rate equation approach, if the pump field is fully stochastic, such as a broadband isotropic light field. In this case, coherence embedded in the off-diagonal terms is neglected, and the time evolution of the system is characterized by the population changes for each energy level.
b. resonance fluorescence-The spectrum of resonance fluorescence in high-intensity x-ray pulses can also be calculated via master equation approach [7, 53, [55] [56] [57] [58] . The time-dependent spectrum of the fluorescent light, described by autocorrelation function of the electric field operatorÊ(t), is given by [53, 59] 
whereÊ − (t) andÊ + (t) denote negative and positive frequency parts of the electric field, respectively.
The change in time of the occupation number of photons can be related to the dipole moment operator, and it readsÊ
where C(r) is a proportionality factor at position r and can be neglected in a homogeneous system. And then we obtain
where we only include the contributions in the region t 1 ≥ t 2 and introduce the time delay τ ≡ t 1 − t 2 . Thus we need the knowledge of two-time expectation values ofÂ ij (t 1 , t 2 ) =D j (t 1 )D i (t 2 ) for the timedependent fluorescent spectrum of the i-th dipole transition. Applying the quantum regression theorem [55, 56] , we obtain the coupled equation for the i-th dipole transition,
where t 1 ≥ t 2 , and the initial condition can be obtained by the one-time evolution operator
C. Examples: dilute atomic gases
Before proceed to construct the master equation, we should first calculate the wavefunctions and energy levels of the system, and obtain the required data, including oscillator strength, dipole moment, Rabi frequency, spontaneous and Auger decay rates, and photoionization cross section. Actually, dilute atomic gases are widely used in the recently typical experiment [20] . From now on, we take dilute multielectron atomic gases as examples for discussing coherent dynamics of the rapidly decayed X-ray-matter systems. Without loss of generality, these discussions can be easily applied to other X-ray-matter systems, such as molecular gases and solid-state materials by calculating corresponding wavefunctions, energy levels and microscopic transition processes. Here, we can map the dilute atomic system into a single-atom problem each of which can be written as in Eq. (1). The computations of various atomic radiative processes involve the bound and continuum states of different successive ionization stages in the single atom. For the bound states, a fully relativistic approach based on the Dirac equation is utilized, while for the continuum processes the distorted wave approximation is employed. The bound states of the atomic system are calculated in the configuration interaction approximation. The radial orbitals for the construction of basis states are derived from a modified self-consistent Dirac-Fock-Slater iteration on a fictitious mean configuration with fractional occupation numbers, representing the average electron cloud of the configurations included in the calculation. The detailed discussion can be found in Refs. [60] [61] [62] .
c. Rabi frequency-In the dipole approximation, the Rabi frequency for the bound-state transition can be obtained from the degenerate emission oscillator strength of the electric dipoled i ,
and then it yields.
where laser intensity I and transition energy ∆E are in units of W/cm 2 and eV, respectively. Here q denotes the polarization of the external laser,d i denotes the electric dipole moment for the J → J ′ transition between states |J, M J and |J ′ , M ′ J with Zeeman structure, m e denotes the mass of atom, E denotes the electric field, and e denotes the charge of electron.
For photoionization processes (bound-free transition), the cross section is given by the differential oscillator strength
where the energy ǫ is in unit of Ry, α denotes the finestructure constant and a 0 denotes the Bohr radius. And then Rabi oscillation for bound-free processes can be written as:
where, I, σ and ∆E are in units of W/cm 2 , cm 2 and eV, respectively, and g(ǫ) is the lineshape of the bound-free transition, such as broadening due to the finite period of time duration for the X-ray laser.
For free-free processes, the Rabi frequency of the κ → κ ′ transition with the residual ion in the state |j core can be given by:
where κ and J denote the relativistic angular momentum of free electrons and the total angular momentum of the system, respectively. d. Spontaneous decay-Even in the absence of an applied field, spontaneous emission cannot be ignored, since the excited state interacts with the vacuum fluctuations of the electromagnetic field. After integrating over all possible modes and summing over the two orthogonal polarizations possible for each wave vector, the spontaneous |e → |g transition rate is given by a perturbation treatment,
where c is the speed of light, ǫ 0 denotes the permittivity, and ω 0 denotes the transition frequency. Here, one assumes the lineshape function g(ω) is sharply peaked around ω 0 , so that ω g(ω)| g|r|e
e. Stimulated transition-If the |g → |e transition is driven by the external radiation field with photon polarization ǫ in the differential solid angle dΘ, the transition rate in this solid angle Θ, based on Fermi's Golden rule, is written as:
with
As for black-body radiation field, energy density of its radiation varies slowly over the range of transition energies,
Considering the isotropic and unpolarized properties of the radiation field, the total transition rate can be obtained by integrating over all possible modes and summing over the two polarizations of the field:
and correspondingly Einstein B coefficient
with energy density ρ(ω) = ω 3 n λ /π 2 c 3 . We remark here that the transition rate B i = A i n(ω), with n(ω) being the mean photon number of the incoherent field at frequency ω [6, 54] , such as the black-body radiation field.
As for laser driven atomic system, one can use the relation between laser intensity I and photon number n ǫ λ with polarization ǫ and wavelength λ
and then obtains:
where one averages over all the polarization directions of the dipole moment. Normally, the laser injects from one certain direction with central frequency ν (I(Θ)dΘ = I(ν)δ(Θ)dΘ), and in this case the total transition rate can be written as:
where g(ν) is the line shape of the |g → |e transition. If one defines absorbtion (emission) cross section as:
one obtains
where the full-width-half-maximum ∆ν = A i /2π, and laser intensity I and photon energy ω are in units of W/cm 2 and eV, respectively. f. Autoionization-Complex atoms, irradiated by X-ray laser, can form hole atoms and then relax in a fs timescale via Auger decay processes, i.e. spontaneously emitting one of the electrons in along with refilling the hole by outer-shell electrons. The corresponding autoionization rate is expressed as
For some cases, double Auger processes are nontrivial and should be included in the simulations, and the code for the atomic data of direct two-electron processes has been developed recently [63] . In this work, we do not include the contributions from the direct double Auger processes, yet its implementation in the master equation is straightforward.
III. RESULTS
In this section, we discuss coherent dynamics of the rapidly decayed X-ray-matter systems. As examples, we investigate ultrafast dynamics of inner-shell electrons of complex atoms irradiated by an X-ray laser via a thousand state master equation approach. The influence of coherence on dynamical mechanics will be investigated through comparisons between atomic systems induced by X-ray pulses with different temporal coherence. For ionizations, multiphoton ejections of electrons from an atom subjected to a strong laser field will be investigated in the framework of master equation approach, where the reliability of our numerical results will be verified against the time-dependent Schrödinger equation. For innershell dynamical processes, Auger and spontaneous decay processes typically occur in a fs timescale and compete with other mechanics, such as coherent Rabi oscillations, where we will discuss possible experimental implementations such as signatures for coherent evolution of innershell electrons. Finally, we will discuss a real coherent dynamics of complex atoms induced by an X-ray laser, based on master equation approach by including thousands of atomic levels.
A. Coherent dynamics between bound states
In this section, we investigate coherent dynamics between bound states of an atomic system coupled by a X-ray laser, and pay special attention to the influence of coherence on dynamical evolution by comparising with Einstein's rate equation, which is a reduction of master equation approach and a method for the system illuminated by a broadband isotropic light field (incoherent light).
First we study the time evolution of a two-level Hlike neon with atomic data being obtained via solving Dirac equation [60] [61] [62] . Due to the pump of the laser beam and coupling with the external environment, it is expected that the system exhibits a Rabi-oscillating feature, and then decays to a steady state after a longer time. As shown in the upper panel of Fig. 2 , we observe Rabi oscillations between |J = 0.5, M J = 0.5 (1s) and |J = 1.5, M J = 1.5 (2p), and, after a few fs, steady states are achieved with the excited-state population be- ing Ω 2 /(Γ 2 + 2Ω 2 ). We observe that the stable states of master equation at a longer time are identical with rate equation approach, whose conclusion is also consistent with analytical results.
Then we investigate a multilevel atom interacting with an isotropic and unpolarized radiation beam, as relevant to Einstein's rate equation. We focus on the dipole transition |J = 0 → |J = 1 (1s 2 -1s2p) of He-like neon, where there are four states in the reduced Hilbert space and the upper three levels with angular momentum |J = 1 are triply degenerate due to magnetic splitting. We assume the ground state |J = 0 are populated at t = 0, and then switch on the pump laser. We observe a decayed Rabi-flopping structure in the master equation, due to the coupling with the pump laser and the external environment, while in the rate equation there is a monotonous decay for the ground state, as shown in the lower panel of Fig. 2 . We also observe that both methods cannot yield identical stable states at a longer time. Another issue needed to be addressed is the influence of different temporal coherence of the pump field on the dynamics of complex atoms. To simplify our discussion, an incoherent thermal radiation field is taken into account as incoherent pump sources, in addition to a coherent X-ray laser. It is expected that the interplay between coherent and incoherent pump influences dynamical properties of the atomic system. For example, the incoherent thermal radiation field can be introduced via
T is the temperature of the incoherent thermal radiation field,ñ is average number of thermal photons per mode at each transition frequency, and Γ J,J ′ denotes the spontaneous decay induced by vacuum (the energy shift due to coupling with vacuum is included inĤ a ). In the lower panel of Fig. 2 , we show results for an atomic system coupled with a coherent field and a thermal radiation field of T = 1000 eV, and find that the stable states shift closer to those obtained from rate equation. For a fully incoherent pump in the framework of master equation approach, we find that the time evolution of the multilevel system coincides with Einstein's rate equation approach.
B. Coherent dynamics for photoionizations
g. Comparison with time-dependent Schrödinger equation for hydrogen-Ionization is a basic process of atoms subjected to an external electromagnetic field. For weak laser fields, perturbation theory can be utilized to capture these processes. For example, one considers a system prepared in an initial state |i and perturbed by a periodic harmonic potential V (t) = V e iωt which is abruptly switched on at time t = 0. Based on timedependent perturbation theory, the first two basis coefficient c n can be expanded as: c
corresponding to Fermi's golden rule, and c
) associating with twophoton processes, where |i , |m and |f denote the initial, intermediate and final states, respectively. In the study of atomic dynamics, one can simply include photon ionizations as decay coefficients up to the corresponding order, just as used in rate equation approach, where the coherence in ionization processes is totally neglected. For intense laser fields, however, multiphoton ejections of one electron typically occur, and manifest as dominant mechanics [20, [64] [65] [66] . In this case, the perturbation theory lacks the possibility for understanding multiphoton absorptions, and a nonperturbative treatment is inevitable to address this issue. Here, we describe coherent multiphoton ionizations in the framework of the atomic master equation approach, and the validity of approach will be verified via comparisons with timedependent Schrödinger equation where both the discreet and continuous states are treated in the same level.
In the calculations here, remarkable agreements between master equation and time dependent Schrödinger equation have been obtained for real dynamics of hydrogen in the intermediate-wavelength regime. In Fig. 3 , for example, we show the ground-state evolution of hydrogen induced by a strong laser field with an intensity of 10 14 W/cm 2 , and photon energies of 14 eV and 30 eV, respectively, and find that the master equation approach can capture photoionization processes of hydrogen in the intermediate-wavelength regime. Surprisingly, rate equation offers another possibility to address this issue at these parameter regimes, even though the detailed structures are different, which indicates that the leading order process dominates ionizations here, irrespective of coherence or incoherence. We anticipate that photoionization mechanism for complex atoms in the X-ray-wavelength regime should also be captured by master equation approach.
h. Coherence in photoionizations of neon-In this section, we discuss ionizations of complex atoms in the short-wavelength regime. In this regime, time-dependent Schrödinger equation encounters difficulties for dealing with electron-electron correlations and irreversible processes, such as Auger and spontaneous decay processes, while rate equation approach, mainly based on photoionization cross sections, fully discards coherence effects in the dynamical processes. The underlying physics for ionizations of both outer-and inner-shell electrons of complex atoms and its relevant dynamics induced by intense X-ray lasers are still unclear. Here, we will address this issue related to ionizations of complex atoms driven by a strong X-ray laser, based on master equation approach whose validity has been verified against ionizations of hydrogen as a benchmark.
In contrast to simple species such as hydrogen, the responses of neon subjected to X-ray laser beams for valence and inner-shell electrons are different, since Rabi frequency for valence electrons is comparable to free-free excitations, while the frequency for inner-shell electrons is much larger than free-free processes. We find that inner-shell electrons are ionized much faster than outershell electrons, as shown in Fig. 4 where ionizations of valence (upper panel) and inner-shell electrons (lower panel) of neon are triggered by an X-ray laser beam with a typical experimental intensity of 10 18 W/cm 2 and photon energy of 875 eV. Comparisons between rate equation and master equation are made and remarkable agreements are obtained, even though tiny differences can be found in the detailed structures, due to coherent oscillations for ionizations in master equation approach. As far as we know, this is the first direct proof for coherent ionizations of both outer-and inner-shell electrons of neon in the short-wavelength regime, where sequential single-photon processes dominate the absorptions for the recently typical experimental conditions. This conclusion is consistent with the recent X-ray experiments, where one did not observe clear signatures of multiphoton single-electron ionizations. Hence it is not surprising that comparisons between theories and experiments suggest the dominant absorptions of electrons are sequential single-photon processes in Young's experiment [20] .
C. Coherent dynamics in Auger decay processes
In addition to ionizations of inner-shell electrons, Auger decay is another dominant process for complex atoms, which carries valuable information about innershell electronic structures and dynamical properties of atoms, molecules, and solids. Specifically, inner-shell electrons can be excited or ionized by the X-ray laser beam and a hole atom is formed. The atom is normally unstable and relaxes through Auger and spontaneous decay processes, which typically occurs in the fs timescale and can smear out coherence-induced signals embedded in Rabi oscillations. In this section, we will investigate the competitions between Rabi oscillations, photoionizations, Auger and spontaneous decays, since the magnitudes of these processes are typically of the same order. These processes, however, are normally beyond the time revolution of the X-ray experiments. Fortunately, resonant fluorescence provides another available tool for studying these competitions and underlying coherence effects.
In our simulations, we study dynamical evolution of ground-state neon subjected to X-ray pulses with different temporal coherence and resonant photon energy relative to 1s 2 2s 2 2p 6 → 1s 1 2s 2 2p 6 3p 1 transition. After shining the X-ray laser on neon, inner-shell electrons are coherently excited and coupled between 1s and 3p orbitals. On the other hand, the hole state 1s 1 2s 2 2p 6 3p
1 is unstable and decays in a fs timescale, mainly due to Auger decay processes by refilling the inner 1s orbital 
1 transition (red) and those driven by a flat-topped pulse with the identical fluence (blue).
by the outer-shell electrons, or spontaneous decays of 2p and 3p electrons. The hole state can also be further ionized with double-core forming or via sequential valence electrons. To investigate the interplay between these different processes driven by X-ray pulses, we include all the dominant microscopic processes. We observe a decayed Rabi-flopping structure between 1s and 3p states coupled by an X-ray laser, based on master equation approach, while it is absent in rate equation method with a monotonous population changing. It indicates that the atomic coherence is distinctly embodied in Rabi oscillations driven by the X-ray laser, in spite of extremely fast Auger decays in the fs timescale. At present, however, one lacks reliable tools for observing these fast Rabi oscillations by real-time X-ray images experimentally. Fortunately, the coherent dynamical information for innershell processes can be extracted from fluorescence spectra, based on master equation approach.
As shown in the inset of Fig. 5(a) , we observe a triple-peak structure for the resonance fluorescence of the 1s 2 2s 2 2p 6 → 1s 1 2s 2 2p 6 3p 1 transition, while only one central peak occurs for incoherent light pump. Considering the remarkable shift (≈ 2 eV) of the satellite line from the central peak for a laser intensity of 10 18 W/cm 2 , the triple-peak spectra provide a valuable tool for studying Rabi floppings and are expected to be detected via recording photons from spontaneous radiative decays [25] . The next issue is related to the stability of the triple-peak structure against different experimental conditions, such as laser detuning and pulse shapes. We find that the triple-peak structure is stable. Specifically, we observe that the side peaks demonstrate asymmetric along with a red shift of the central peak for a red-detuned pump, as shown in Fig. 5(b) , whereas a Gaussian X-ray pulse with a FWHM duration of 15 fs yeids a broadened triple-peak structure compared to the flat-topped pulse, as shown in Fig. 5(c) . Note that we also observe a ≈ 5 eV broadening due to the extreme strong X-ray laser with an intensity of 10 18 W/cm 2 , as shown in the guideline in the inset of Fig. 5(b) , which is normally referred to as power broadening as will be discussed in Sec. III D. We expect that our discussions provide valuable insight for investigating inner-shell coherent dynamics in the upcoming experiments. Good agreements between different theories [20, 30] and experiments [20] indicate that coherence, induced by a far off-resonant laser beam, plays a tiny role in the time evolution for the present experimental conditions.
In former sections, coherence effects have been investigated through ultrafast dynamics of model systems coupled by X-ray pulses with different temporal coherence.
In this section, we will investigate coherence effects beyond model systems, and take neon as examples for real dynamics of complex atoms induced by an X-ray laser, based on master equation approach by including thousands of atomic levels. The X-ray laser can sequentially excite inner-shell electrons and creates a nonequilibrium state decayed through a vast number of channels. To simplify our simulations, we add the atomic orbitals gradually, and mainly focus on dynamics of the lowest-lying orbitals of neon, such as 1s, 2s, 2p, 3n and 4n, and inner-shell excited states 1s2n
2 , 1s2n3p and 1s2n4p as well, which normally includes atomic levels up to an order of 10 3 and spans the Hilbert subspace as basis states for real dynamics of neon. Our selections are supported by the recent R-matrix calculations for inner-shell electrons [67] . After obtaining atomic data, we study the interplay between coherence-induced effects and dissipations in X-ray-atom systems, based on large scale simulations. We will verify to which extent coherence demonstrates a dominant role in the ultrafast decayed nonequilibrium system.
i. Off-resonant dynamics of neon in Young's experiment-First we review the details of the X-ray free-electron-laser experiment for neon in Ref. [20] . In this experiment, X-ray pulses with photon energies of 800, 1050 and 2000 eV are injected into a neon gas in the atomic chamber, and they observe rapid photoabsorptions of atomic gases in the fs timescale. As pointed out in the experiment, effects due to particle collisions and photon scattering can be neglected, since the neon gas is dilute and induced by pulses with photon energies below 8 keV. Therefore, photoabsorptions are the dominant processes of neon triggered by the X-ray beam in the ultra-intense, short-wavelength regime. Here, we take photon energy of 800 eV as examples for investigating the influence of coherence on the sequential multiphoton ionizations of the neon gas, where the photon energy is far below resonant 1s → 3p excitations and it is referred to as off-resonant dynamics of neon. Remarkable agreements are obtained between different theories [20, 30] and experiments [20] , as shown in Fig. 6 , which indicates that coherence plays a tiny role in the time evolution of neon induced by a far off-resonant X-ray pulse in the present experiments. For comparisons, here we use both Gaussian and flat-topped pulses to simulate the experimentally accessible dynamics of inner-shell electrons of neon, and find that the charge-state distributions is insensitive to the pulse shapes.
j. Near-resonant dynamics of inner-shell electrons of neon-In this paragraph, we study the time evolution of neon subjected to a strong X-ray laser field with near-resonant photon energies, based on large scale simulations by including energy levels in an order of 10 3 . In Fig. 7 , we demonstrate charge state populations as a function of time for a laser intensity I 0 = 2.5 × 10 17 W/cm 2 , which is a typical free-electron-laser intensity in the recent experiments, obtained via master equation [solid line in Fig. 7(a),(b equation approach [dashed line in Fig. 7(a) ]. The photon energies are chosen near resonant frequency relative to the 1s 2 2s 2 2p 6 → 1s 1 2s 2 p 6 3p 1 transition, such as a red shift of 15 eV [ Fig. 7(a),(b) ] and the resonant case [ Fig. 7(b),(c) ], which are both in the photon-energy range of LCLS (800-2000 eV). We find that coherence can suppress the multiphoton ionizations of neon induced by the ultra-intense X-ray pulse. As shown in the inest of Fig. 7(a) , for example, the charge state population of Ne 3+ after a 200 fs evolution, is twice bigger than that obtained by rate equation approach for incoherent pumping with an intensity of 2.5 × 10 17 W/cm 2 . The physical origin of the discrepancy in the time evolution is the results of two effects, which are neglected in the Einstein's rate equation. The first one is the coherence in the inner-shell resonant absorption processes, i.e 1s → 3p excitations for Ne and 1s → 2p for Ne 3+ , Ne 4+ and Ne 5+ . In contrast to monotonous changes in rate equation approach, real physical processes between different energy levels demonstrate a Rabi-flopping structure, due to the light-atom coupling for the 1s → 2p and 1s → 3p transitions. The second one is the power broadening effects, due to the extremely strong X-ray laser field, which can be up to an order of a few eV at a laser intensity of 2.5×10
17 W/cm 2 , based on a two-level estimation γ 2 + 2Ω 2 with γ and Ω being spontaneous decay rate and Rabi frequency, respectively. This point can also be verified via fluorescence spectra, as shown in the inset of Fig. 5(b) . Interestingly, we find that the red-shift case (relative to 1s → 3p transition) ionizes more electrons after 150 fs evolution, since the 1s → 2p excitations of inner-shell electrons come into play for charge states Ne 3+ , Ne 4+ and Ne 5+ , whereas the resonant case ionizes electrons fast in the early stage after subjected to the X-ray laser field, since the resonant 1s → 3p excitations dominate photon absorptions of Ne in the first 50 fs, as shown in Fig. 7(b) . The influence of temporal pulse shape on the charge-state distributions is also discussed in Fig. 7(c) , where comparison has been made between flat-topped (green) and Gaussian pulses (red) in the inset. We remark here that the temporal pulse shape has limited impact on the charge state distributions, whose conclusion is consistent with those for incoherent pulses [20] .
Next, we address the issue related to power broadening effects in more details. Actually, the broadening effect, resulting in the line shape of a dipole transition in an atom, is a basic feature for describing electron motions and interactions with external fields. The underlying mechanisms of broadening effects are diverse, including natural broadening due to spontaneous decays of excited states, Doppler broadening due to thermal motions of atoms, collisional broadening due to collisions with other atoms or ions, and Stark broadening due to energy shifts induced by an external field. Here, we find that the dominant broadening effect for the dilute neon gas in the LCLS experiment is the power broadening (≈ 1 eV) due to the extremely strong external laser, which is up to 10 times bigger than those from Auger and spon- taneous decay processes (≈ 0.1 eV). Normally the rate equation approach does not include the power broadening effects in the present calculations, while in the master equation approach they are included automatically. In Fig. 8 , we show the Ne fractions subjected to a Gaussian X-ray laser with an intensity of 2. 1 transitions, respectively. However, the oscillating structures for resonant excitations at different photon energies are smoothen in the results obtained from master equation approach (red circle), due to power broadening effects. Note here that the oscillating structures can occur at other photon energies associated with 1s → np (n ≥ 5) transitions, but are beyond the spectrum resolution in the present experiments and an improved sharp-band X-ray laser is needed in the future.
IV. SUMMARY AND OUTLOOK
In conclusion, we establish a general method for describing coherent dynamics of X-ray-matter systems in the framework of master equation approach. We take dilute atomic gases as examples for discussing real coherent dynamics of the rapidly decayed X-ray-matter system, based on a thousand state atomic master equation approach, by including coherent pump and incoherent relaxations due to spontaneous and Auger decays. We find that coherence can suppress the sequential single-photon ionizations of a neon gas in the ultra-intense X-ray field, compared to the rate equation approach, and the physical reason can attribute to the coherence-induced Rabi oscillations and power broadening effects, which are both neglected in the Einstein's rate equation. We also find that single-photon ionizations for both outer-and innershell electrons dominate the absorptions of a neon gas for the recently typical experiments with a laser intensity of ≈ 10 18 W/cm 2 , irrespective of coherence. A typical feature of coherent evolution of inner-shell electrons is Rabi oscillations with a frequency in the order of 10 15 Hz, which is beyond the current experimental resolutions in the time domain. Instead, we discuss resonance fluorescence spectra for possible experimental implementations for coherent dynamics of inner-shell electrons.
With the quick development of free-electron lasers, temporal coherence of the X-ray laser is improved experimentally, which provides the possibility for studying time-resolved coherent phenomena in atoms, molecules and solid-state materials [68] . There are still a number of open issues referred to coherent dynamics of complex systems irradiated by an intense X-ray laser. For the methods described here, we are able to discuss hollowatom signatures and its corresponding coherent dynamics, where the competition between the double-and single-hole generations in coherent evolution is still unclear. Moreover, we can also investigate multiphoton processes of atoms and molecules in gases and solid-dense matters, such as two-photon KK-shell transitions, where the issues are related to non-sequential double ionizations and electron-electron correlations. Finally, in a dense hot plasma environment generated by dense gases or solid-state materials induced by an X-ray laser, the environment is much more complicated, both radiative and particle-collision processes should be taken into account for understanding the phenomena of the system.
